Introduction
One of the major functional properties of the mature motoneuron is its ability to generate and conduct signals from the central nervous system (CNS) to the peripheral muscle cell in order to induce and control muscle contraction [1] . The molecular composition of the neuromuscular junction (NMj) is crucial for its function and maintenance whereas dysregulation of endplate physiology is considered to be involved in denervation of the muscle cells and subsequent motoneuron degeneration [2, 3] . At early developmental stages of the neuron-to-muscle synaptogenesis, a large number of spinal motoneurons die, presumably because they fail to form adequate connections with the target muscle. In fact, if the limb bud (the precursor of limb muscles) is removed before the formation of neuromuscular connections all the corresponding motoneurons eventually degenerate [4] .
In vitro, various cell systems are utilized to search for developmental and functional characteristics of the motoneuron system. Both, primary cultures and stem cellderived motoneurons are used for various questions. Pluripotent embryonic stem cells [5] from mouse and human origin [6] had been shown to be able to generate motoneurons in vitro. Since the first discovery and invention of the induced pluripotent stem cell (iPSC) technology by Takahashi and Yamanaka [7] , it is now possible to analyze and study cell development and differentiation on the basis of a gene defect in patient specific settings [8, 9] . For comparison all these studies are crucially dependent upon the analysis of human cell differentiation, morphology and protein expression under
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Electronic supplementary material The online version of this article (doi:10.1007/s12015-011-9329-4) contains supplementary material, which is available to authorized users. physiological in vitro conditions. With respect to the nervous system it is for example essential to understand the exact time course and stage specific patterning of neuronal differentiation and synaptogenesis. For the understanding of motoneuron diseases or neurodegenerative disorders in general a thorough documentation and analysis of motoneuron morphogenesis and synaptogenesis in the human context is warranted. For the rodent brain or e. g. primary neurons in culture many developmental aspects have already been elucidated [10] [11] [12] . In terms of synapse development the time dependent expression and transportation of crucial proteins to the vesicle release site (active zone) is pivotal for the future function of a compartment that could be well characterized in recent years [13, 14] . Similarly, the postsynaptic compartment harboring the postsynaptic density (PSD) is defined by a distinct and well organized protein meshwork including several hundreds of different proteins targeted to the synapse in a defined manner. The postsynaptic specialization in neuromuscular junctions (NMj) also harbors scaffolding molecules that most importantly cluster the acetylcholine receptor which transduces a sodium influx into the cell upon binding of the neurotransmitter acetylcholine [15, 16] . The development of the NMj is characterized by distinct differentiation steps [17] . The initial development of muscle cells is independent from neuronal innervation, but the motoneuron requires reciprocal signals from the muscle cell to initiate and uphold NMjs. Furthermore, these signals seem to trigger neuronal survival or intramuscular branching. On the postsynaptic site, nerve independent clustering of acetylcholine receptors, the so called prepatterning is a crucial prerequisite for initiation and proper formation of a neuromuscular connection with the growing axon. Acetylcholine released from the arriving axonal nerve finally determines the formation of a functional NMj [18] . In the present study, we ought to characterize the distinct steps of the development of both inter-neuronal and neuromuscular contacts in human iPSC-derived motoneurons. We provide evidence for a time-dependent expression and localization of crucial proteins and transcripts required for the successful formation of synaptic contacts, the differentiation stagedependent functional interplay of these motoneurons with primary rodent myotubes and finally, the generation of functional NMjs. The elongated time frame of synaptogenesis in human motoneurons compared to rodent cells might resemble the difference in development among species. Thus, the presented system addresses the following critical points of motoneuron development (i) morphological aspects, i.e. neurite development, cell polarization and axon formation.(ii) stage dependent expression and localization of both pre-and postsynaptic proteins and (iii) maturation of NMjs and functional aspects of the neuronal and muscular side.
Materials and Methods

Keratinocyte Culture from Plucked Human Hair
Outgrowth of keratinocytes from plucked human hair was induced as previously described [19] . Keratinocytes were split on 20 μg/ml collagen IV coated dishes and cultured in EpiLife medium with HKGS supplement (both Invitrogen, Carlsbad, CA, USA, www.invitrogen.com) for up to two passages. The use of human material in this study is approved by the ethical committee of the Ulm University (Nr. 0148/2009) and in compliance with the guidelines of the Federal Government of Germany and the Declaration of Helsinki concerning Ethical Principles for Medical Research Involving Human Subjects.
Mouse Embryonic Fibroblast Culture CD-1 MEFs from day E14.5 (Stemcell Technologies, Vancouver, CA, USA, www.stemcell.com) were cultivated according to manufacturer's protocol or isolated from C57BL/6J mice and cultivated by standard protocols [7] . All animal experiments were performed in compliance with the guidelines for the welfare of experimental animals issued by the Federal Government of Germany, the National Institutes of Health and the Max Planck Society (Nr. O.103).
Lentivirus Generation
Virus particle production was performed according to [20] . For detailed methods see Supplemental Data.
Reprogramming Keratinocytes
Keratinocytes at 75% confluence were infected with 5×10 5 proviral genome copies in EpiLife medium supplemented with 8 μg/ml polybrene on two subsequent days. On the following day keratinocytes were detached with TrypLE Express (Invitrogen) and split on irradiated MEF feeder cells (3×10 5 cells per well irradiated with 30 Gy). Afterwards cells were cultured in hiPSC medium in a 5% O 2 incubator and medium was changed daily. After 3-5 days small colonies appeared, showing a typical hiPSC like morphology. Around 14 days later hiPSC colonies had the appropriate size for mechanical passaging and were transferred onto irradiated MEFs or onto Matrigel-coated (BD Biosciences, Franklin lakes, NJ, USA, www.bd.com) dishes for further passaging.
hiPSC Culture hiPSCs were cultured on feeder cells in Knockout DMEM (Invitrogen) supplemented with 20% Knockout Serum Replacement, 2 mM GlutaMAX, 100 μM nonessential amino acids, 1% Antibiotic-Antimycotic, 100 μM β-mercaptoethanol (Millipore, Billerica, MA, USA, www. millipore.com), 50 μg/ml ascorbic acid and 10 ng/ml FGF2 (Peprotech, Rocky Hill, NJ, USA, www.peprotech.com) in a 5% O 2 incubator. hiPSCs on feeder cells were either mechanically picked or passaged by scratching after collagenase IV-treatment. For later passages hiPSCs were seeded on Matrigel-coated dishes and kept in mTeSR1 medium (Stemcell Technologies) and passaged according to the manufacture's manual. All human iPSC clones used in the current study have been characterized extensively for pluripotency in a previous study [20] . Excision of the viral cassette was achieved by incubation with recombinant TAT-Cre protein (1.5 μM for 5 h).
Differentiation of hiPSCs into Motoneurons
Differentiation of hiPSCs into motoneurons was mainly performed as previously described by Hu and Zhang [21] . For detailed methods see Supplemental Data.
Primary Myocyte Culture
The protocol for the preparation of primary mouse myoblasts was modified according to [22] . For detailed methods see Supplemental Data.
Co-culture of Motoneurons and Myocytes
For co-culture experiments motoneuron-enriched neurospheres (after 14 days of PU-treatment) were seeded onto differentiated primary mouse myotubes in neural medium supplemented with BDNF, GDNF, IGF1 (all 10 ng/ml) in the presence of B27.
Co-cultures were kept for up to 3 weeks.
Immunocytochemistry
Motoneurons were fixed at different time points of differentiation using 4% paraformaldehyde (PFA) in phosphatebuffered saline (PBS, Invitrogen). Immunofluorescence was accomplished according to standard protocols [23] [24] [25] . Primary antibodies were listed in Supplementary Germany, www.zeiss.com) and analyzed using Axiovision software (Zeiss).
Scanning Electron Microscopy (SEM)
Preparation of the cells for SEM was performed as described in [13] . Samples were investigated in a Hitachi S-5200 in-lens field emission SEM at an accelerating voltage of 10 kV.
Transmission Electron Microscopy (TEM)
Cells were fixed in 0.1 M phosphate buffer pH 7.3, containing 2.5% glutaraldehyde, 1% sucrose and osmicated for 1 h in 2% OsO4. Afterwards they were dehydrated in graded series of ethanol, contrasted in 2% uranyl acetate and embedded in epoxy resin (Sigma) at 60°C. Thin sections of 70-80 nm were cut with a diamond knife on a Reichert ultramicrotome and collected on 300 mesh grids. The sections were contrasted with 0.3% lead citrate for 1 min and analyzed on the transmission electron microscope EM 10 (Zeiss) at 80 kV.
Electrophysiology
Electrophysiological experiments were performed as previously described [26] . Briefly, hiPSC derived motoneurons were used for experimentation after differentiation for 4-5 weeks. Measurements were performed in a LSRII flow cytometer using the FACSDiva software (both BD Biosciences).
Treatment with Pancuronium and Botulinumtoxin A
Experiments were performed with motoneurons seeded on primary mouse myotubes and cultured for 1 week. Contraction of myotubes was measured shortly before adding the toxins. Pancuronium (3 μM, Pancuronium-duplex, Actavis, Hafnarfjordur, Iceland, www.actavis.com) as well as botulinumtoxin A (5 Units, BOTOX, Allergan, Irvine, CA, USA, www.allergan.com) were diluted in warm neural medium (without any supplements) and immediately applied to the cells. Contractions of the myotubes were filmed using an inverse life-cell microscope (Axiovert 200 M, Zeiss) for 5 min after application of the toxin. Medium was changed 1 h after the experiment and cells were kept in culture again.
Data Analysis and Statistics
For counting analysis AxioVision Rel. 4.8. software was used. Statistical analyses were performed using χ 2 (Fishers exact test), Student's t-test or using one-way analysis of variance (ANOVA test) with post-hoc Bonferroni's multiple comparison tests as appropriate using SPSS 18.0 software package (SPSS Inc., Chicago, IL). Results are provided as mean values ± standard error of the mean (SEM).
Results
Keratinocytes as a Source for Human Induced Pluripotent Stem Cells (hiPSCs)
Keratinocytes from plucked human hair were successfully and efficiently harvested, transduced and reprogrammed with a lentiviral polycistronic STEMCCA cassette, carrying all four Yamanaka-factors (see Experimental Procedures for a detailed description; Fig. 1a ). Virus-free hiPSC lines were generated by [28] incubating cells with recombinant cre-protein. Subsequently, only virus-free clonal hiPSC lines were used. All hiPSC lines were cultured under feeder free conditions. Beside morphology, hiPSCs exhibited major markers of pluripotency (Supplemental Fig. 1a ) and were able to differentiate into all three germ layers in vitro (Supplemental Fig. 1b) . We further characterized the hiPSCs utilized in this study concerning their full pluripotency in Linta et al. [20] (3 independent cell lines, n=3).
hiPSCs Give Rise to Morphologically Mature Motoneurons Differentiation of hiPSCs into the neural lineage was achieved using a modified protocol adopted from [27] (Fig. 1b) . With this regimen a large proportion of motoneurons could be detected in the cultures (~40%) (Fig. 1c) . Differentiating cell cultures were stained for several motoneuron markers, i.e. SMI-32, Islet1 and HB9. Additionally, motoneurons express the vesicular acetylcholine transporter (VACht), which mediates ACh storage by synaptic vesicles [29] and is a specific marker for "cholinergic" synaptic vesicles [30] (Fig. 1d) .The motoneuron precursor morphology changed dramatically when These motoneurons express the passive membrane properties of neurons with similar characteristics after 21 and 35 days of differentiation and a resting membrane potential of −81±7 mV after 21 days and −73±7 mV after 35 days of differentiation (p=0.06, n=6-10). Upon membrane depolarization, all motoneurons differentiated for 4-5 weeks showed fast inactivating inward currents and slowly decaying outward currents, consistent with voltage-activated sodium and potassium currents, respectively (Fig. 1e) . Such channels are substantial for excitable cells to generate action potentials. Consequently, action potentials can be induced by current injection into resting motoneurons ( Fig. 1f) , or spontaneously be monitored (Fig. 1g, h ). Spontaneous action potentials were observed in 80% of all motoneurons after 35 days of differentiation, but less frequently in younger cell cultures (21 days) (Fig. 1i) . Furthermore, hiPSC derived motoneurons also showed spontaneous synaptic events. These current events were predominantly inwardly directed currents which could be fitted by monoexponential functions. The mean decay time constant was 2.39±0.56 ms (n=17 events) (Fig. 1j) . Further analysis revealed that synaptic currents could reversibly be suppressed by CNQX, an AMPA receptor antagonist, indicating the existence of functionally operating glutamatergic synapses within these cell cultures (Fig. 1k) . These findings fit closely into the current theory that interneural synapses formed by motoneurons are mainly based on glutamatergic signaling [31] . After 35 days of differentiation hiPSC-derived motoneurons express major electrophysiological properties of mature neurons including the repertoire of voltage-gated ion channels which is required for the generation of actions potentials and the generation of excitatory synapses.
Motoneuron Maturation
We primarily depicted the maturation steps according to morphological characteristics (Fig. 2a) . During the first 2 days most precursor cells began to stain positive for the early neuronal marker tubulin β-3 (Tuj1) (Fig. 2b) and exhibited a bipolar appearance, with still undefined projections (day 3). This morphology was followed by a retraction of projections and the formation of one long dominant neurite. This neurite still did not stain positive for axonal markers (day 7). Nevertheless, the distal end of this neurite was flattened and enlarged to a growth cone like structure, building a growth and pathfinding forefront (Fig. 2b) . During the following weeks, the neurons grew in size and further neurites were formed, branched and elongated ( Fig. 2a and b , right panel). On mRNA levels, transcripts exclusive for neural progenitor cells Nestin (NES) were continuously down-regulated following an initial peak. This peak most probably represented ongoing proliferation of yet undifferentiated cells which were subject of a subsequent cell differentiation. mRNAs indicating neuronal maturation (TUBB3: Tubulin beta 3) reached their highest expression levels on day 28 followed by a downregulation until day 70. The motoneuron specific marker NEFH (SMI-32) showed a similar time frame of regulation as TUBB3, but peaked 2 weeks later and then steadily decreased. Marker transcripts for mature motoneurons, such as choline acetyltransferase (ChAT, key enzyme for acetylcholine biosynthesis) sharply increased at day 28 and presented the highest level also at day 42. However, CHAT mRNA levels stayed relatively high compared to NEFH and TUBB3 upon day 70 (Fig. 2c) . In parallel the polarization of the motoneuron continued and the axonal "progenitor" extension was elongated continuously. Still, the axon and the axon hillock were primarily not defined until 3 weeks Fig. 2 Time course of the development of hiPSC derived motoneurons. Regulation of transcript levels of typical postsynaptic proteins like HOMER1, DLG4 and ProSAP1/SHANK2. mRNA-levels were also analyzed for ProSAP3/SHANK1 and for neuroligin1 (NLGN1), an adhesion protein of the excitatory postsynapse. ANOVA analysis revealed significant differences between time points for HOMER1 (Fvalue: 7.81; p<0.0001), ProSAP1/Shank2 (F-value: 9.69; p<0.0001), DGL4 (F-value: 18.17; p<0.0001), SHANK1 (F-value: 4.07; p=0.015) and NGLN1 (F-value: 11.20; p<0.0001). Expression levels are shown relative to the housekeeping gene HMBS (n=4). Results from post-hoc t-tests with Bonferroni adjustment are *p<0.05, **p<0.01, ***p<0.001 after initiation of differentiation. During the first 20 days, markers which normally spare out the axon, such as the microtubule associated protein 2 (MAP2), were still present throughout all neuronal projections. At later stages markers for the axon hillock, e.g. IKK subunit IκB-α of NFκB [32] , stained this distinct structure (Fig. 2d) . Simultaneously, a MAP2 negative axon became visible (Fig. 2e) . The thorough analysis of neuronal morphology during all steps of development showed that the dendrite and axonal length increased during the whole observation period. The number of primary dendrites and branching points per dendrite, however, reached maximum values already within the first 4 weeks (Fig. 2f-i ).
Distinct Steps in the Development of the Presynaptic Compartment
To analyze the formation of the presynaptic compartment, we investigated two presynaptic proteins with respect to time dependent expression and localization. Synaptophysin (SYP) expression, marking all synaptic vesicles was visualized over a time frame of 70 days in vitro. Interestingly, we found SYP to be very early expressed during neuronal development. Already at day 10 after plating, SYP was found throughout axons in large, vesicle like structures. From day 14 onwards, especially in leading edge structures, SYP was strongly abundant (Fig. 3a, c) . A more synaptic localization of SYP-positive punctua was observed after day 28 and increased over time until peaking at day 70 (Fig. 3e, g ). Piccolo (PCLO, a large structural protein of the presynaptic active zone) on the other hand was not located to synaptic sites before day 28. However, PCLO was highly expressed and especially localized in the growth cone of the axon starting at day 14 ( Fig. 3b, d ). In contrast to SYP, the abundance of PCLO-positive punctua and apparent amount of PCLO fluorescence increased steadily until day 70. Frequent synaptic localization of PCLO was observed at day 70 (Fig. 3f, h ). mRNA levels were regulated in a slightly different manner. All four investigated transcripts; SYP, PCLO, BSN (Bassoon, another structural protein of the presynaptic active zone) and NRXN1 (neurexin1, a presynaptic transmembrane protein) increased from initiation of differentiation, peaked at day 28 and displayed a further downregulation until day 70. SYP showed a strong increase between day 3, day 14 and day 28, whereas PCLO made its steepest increase from day 14 to day 28. NRXN1 mRNA displayed a comparable expression pattern to BSN, though it's peak was even more prominent (Fig. 3i) .
Development of the Postsynaptic Compartment
The postsynaptic compartment of excitatory synapses is characterized by the establishment of the dendritic arbor, spines and the postsynaptic density (PSD). The PSD consists of a variety of proteins, e.g. anchoring molecules, receptors and ion channels and is thought to be initiated and developed in concordance to the presynaptic specialization [33] . Homer1, a protein that can dimerize and crosslink proteins of the PSD [34] , was already detectable at day 14. Homer1 positive punctae were found within the dendritic compartment. Synaptic localization, but not the expression levels increased steadily over time (Fig. 4a, c, e) . ProSAP1/SHANK2 is a large anchoring molecule of the excitatory PSD, which builds large homomeric platforms to cluster a variety of other proteins of the PSD [14, 35] . We observed a time frame of expression, targeting and synaptic localization that was comparable to that of Homer1 (Fig. 4b, d, f) . These observations were underlined by a sharp increase of the transcript levels of their corresponding genes at early time points until a specific peak of transcript expression around day 28. mRNA levels of both HOMER1 and ProSAP1/ SHANK2 continuously decreased after the first peak at day 28, DLG4 (transcript name of PSD95), a well-known scaffolding protein of the PSD [36] was regulated in a manner that transcription stayed on relatively high levels until late time points with a second peak on day 56 ( Fig. 4g) . ProSAP3/SHANK1, which is essential for synapse maturation in rat hippocampal neurons [37] also peaked at day 28 with a consistent transcription on day 68 and a gradual decrease until day 70. mRNA levels of Neuroligin (NLGN1), a postsynaptic protein of excitatory synapses [38] showed a very slight downregulation after its peak on day 28. Similar to DLG4, mRNA transcription of NLGN1 remained on relatively constant level.
hiPSC Derived Human Motoneurons Form Mature Synapses In Vitro
In immunofluorescence imaging, the juxtaposition of proteins of pre-(Piccolo/Synaptophysin) and postsynaptic specialization (Homer1) is characterized by the separated staining of both compartments with a small area of overlapping colors. At early time points in vitro, when synaptic proteins are expressed and transported along the neuronal projections, structures containing both pre-and postsynaptic proteins could rarely be observed in the first 5 weeks after plating whereas during ongoing cell development a specific colocalization at maturing synaptic contacts was visible. The first colocalization of pre-and postsynaptic proteins could be detected after 6 weeks of differentiation ( Fig. 5a-d) . The close analysis of pre-and postsynaptic protein expression revealed that SYP punctae appeared earlier compared to PCLO, but during ongoing synaptogenesis, the abundance of positive punctae of both proteins converged (Fig. 5e) . Colocalizing signals for SYP/Homer1 and PCLO/Homer1 revealed the steady increase of synapse number from day 49 onwards. We found about 4-5 SYP+/Homer1+ and 3 PCLO+/Homer1+ positive signals per 30 μm at 84 days in culture (Fig. 5f ). We next analyzed synaptogenesis on the ultrastructural. At early stages of cell maturation (day 28) neurites of human motoneurons frequently contained clusters of large vesicles, organelles already described for immature rat hippocampal neurons [10] . These large clear vesicle clusters were mostly found at premature contact zones between neurons (Fig. 5g) . At about 5 weeks of differentiation, smaller clear vesicles (SCV) became apparent, representative of characteristic neurotransmitter filled vesicles (Fig. 5g) . At around 6 weeks (d42) dense core vesicles (DCV) were detectable in the presynaptic compartment. Axonal organelles, e.g. mitochondria were increasingly abundant in the axon at this time point (Fig. 5g) . At late stages in vitro (10 and 12 weeks) the formation of clearly polarized synaptic contacts was observed. A mature active zone displaying a large pool of presynaptic clear vesicles, docked vesicles and less dense core vesicles were visible on the presynaptic side. The postsynaptic specialization is characterized by a thickening of the postsynaptic membrane (Fig. 5g) .
Human iPS Motoneurons Build Functional NMjs with Primary Myotubes
To investigate motoneuron functionality, we (co-)cultured differentiating motoneurons alone or with primary murine muscle cells (Fig. 6a, b) . To visualize nerve muscle connections, fluorophore labeled α-bungarotoxin is a bona fide tool to detect motor end plates in vitro by the labeling of acetylcholine receptors. We applied this toxin to cocultures and observed acetylcholine receptor clusters indicating the formation of NMjs only in co-cultures, pure myotube cultures or pure neural cultures exhibited no α-bungarotoxin fluorescence (Fig. 6a, b) . Confocal microscopy showed bungarotoxin positive structures marking the postsynaptic side of the myoblast (visualized by α-MHC) and the presynaptic protein SYP marked the presynaptic specialization of the neuron (stained by the motoneuron marker SMI-32) (Fig. 6c) . Scanning electron microscopy was employed to further analyze these cell-cell connections and revealed that indeed neuronal projections appeared embedded in the assumed myotube sarcolemma (Fig. 6d) .
On the ultrastructural level we could readily identify well developed muscle cells by a clear striation of myofibrils (MF) and crucial features of mature motor end plates (NMj) could be documented (Fig. 6e, f) . Next we analyzed the functional interplay between human motoneurons and found that co-cultivated muscle cells showed larger areas of concerted and more frequently contracting myotubes compared to pure myotube cultures. In those cultures only very few cells were spontaneously contracting (Fig. 6g, h ). Based on this we asked whether intact NMj are responsible for the differences. First we blocked the presynaptic transmitter release by the bacterial toxin botulinum toxin A which proteolyses SNAP-25 at the NMj. This prevents vesicles from anchoring to the membrane [39] . Application of botulinum toxin A in the cocultures led to a nearly complete inhibition of muscle cell contraction within 90 s lasting several minutes (Fig. 6h) . The successful inhibition of muscle contraction by blocking acetylcholine receptors at the postsynaptic side with curare (Pancuronium) finally underlined the maturity and functionality of synaptic communication between the motoneurons and the myotubes (Fig. 6g) .
Maturation of Human Motoneurons: An Overview and Comparison
In our study we defined hallmarks of neurogenesis and synaptic formation of human iPS cell derived motoneurons. We found that the development of hiPSC derived motoneurons is quite similar to that of human embryonic stem cells in other studies. Importantly, as it has been shown, though the motoneuron differentiation capacity of different hiPS lines varies, the time frame of individual cell development remains stable [40] . When the data from human studies are compared with data from mouse ES or iPS cells as well as primary motoneurons, it becomes obvious again that human neurons differentiate about ten times slower than cells from other well characterized model systems (Fig. 7) .
Discussion
The in vitro analysis of individualized human cell types is not only considered to be a valuable tool with respect to novel approaches in personalized regenerative medicine but also for the investigation of the developmental, physiological or pathophysiological nature of human cells. In the presented study we put our efforts in the thorough investigation of human keratinocyte iPSC-derived motoneurons, defining hallmarks of their development and functionality. Such studies should lay a basis for appropriate interpretation of crucial developmental steps under physiological or diseased conditions. Since the first description of the reprogramming of human somatic cells into pluripotent stem cells by defined factors [7] , a variety of more or less pure organotypic cell system have been established [23, 41] . These systems can help in understanding cell type specific behavior, e.g. development, proliferation, differentiation, or even degeneration. In case of applying this tool to patients who are classified into a disease group, it enables the generation of disease-specific iPSCs, proven a significant tool to elucidate pathophysiological mechanisms in various diseases. iPSCs enable the dissection of monogenic human disease [42] mechanisms as well as mechanism of genetically complex human disorders such as schizophrenia [8] . This opens promising perspectives both for the screening of innovative, "druggable" targets [43] and ex vivo gene targeting therapies [42] . Even cell based therapies are more and more subject of discussions [32, 34] . A major problem in investigating the neuronal system is the lack of a defined in vitro model system and the deficiency of a common agreement upon "normal or physiological" developmental steps of human neurons. Here, the variety of the different cell types in the CNS and the inaccessibility to primary cells hamper the characterization of defined neuronal cell types. This includes the exact time and stage dependent evaluation of cellular morphology and formation of cell compartments, such as the neuronal or neuromuscular synapse. When compared to e.g. diseases with defects in cellular development and diseases affecting cell survival the basis of cellular behavior must been made clear, before effects of genetic cellular dysfunction can be characterized. It is noteworthy that neurogenesis follows distinct morphological changes during cell development. Motoneurons are of particular interest for studies dealing with degenerative disorders that are summarized under the term motoneuron diseases (motoneurons). These disorders of the motoneuron system include well known degenerative diseases such as amyotrophic lateral sclerosis (ALS), spinal muscular atrophy or developmental defects combined with degenerative symptoms as in Kennedy's disease. In vitro studies dealing with motoneurons also include the broad utilization of iPS derived motoneurons [44, 45] . Nevertheless, a pathogenic effect can only be judged with exact knowledge of the nonpathogenic cell behavior and its characteristics during [27, 47, 48] b development or functional state. In this study we concentrated on the maturation and functional differentiation of motoneurons, generated from human keratinocyte derived iPS cells. Keratinocytes comprise the advantages of an easy to harvest cell source and high reprogramming efficiency. To improve differentiation, we excised the transgene from the genome with recombinant cre protein. We thus provide important insights into the developmental expression, localization of specific proteins of motoneuron differentiation and synaptic formation. Although the efficiency of motoneuron derivation from human iPSCs is variable, the overall developmental and differentiation stages did not significantly differ among the utilized cell lines in our study. This fact is crucial, as it was described recently that donor identity and sex influence efficiency of motoneuron differentiation [46] . In general, we found that the development of motor neurons from hiPSCs is comparable to those from human embryonic stem cells [27] . Importantly, the motor neuron differentiation capacity of different hiPSC lines varies, but the time frame of individual cell development remains stable [40] . When the data from human studies are compared with data from mouse pluripotent stem cells as well as primary motor neurons, it becomes obvious that human neurons develop about 10 times slower than cells from other well characterized model systems. In the presented studies we focused in a first step in the morphological maturation of iPSC-derived motoneurons. We show that upon early cultivation a distinct and stepwise change of the cell appearance with a clear polarization into signal accepting (dendrites) and signal transducing (axon) structures is followed by the formation of neurites, increasing over time in number and length. Not only did the formation of neurites follow a specific time frame, but also the specification of the axon at a certain time point can be seen as a hallmark of neuronal development. This was underlined by the differentially expressed stem cell and neuron specific transcript levels over time. Subsequently, a program, combining the motoneuron specification and the stage specific synaptogenesis, was initiated. Therefore, a second step included the specification and investigation of time dependent expression patterns as well as the localization of synaptic proteins. During maturation, the formation of synapses, both interneuronal and neuromuscular, was initiated and matured connections were formed over time. Interestingly, synaptogenesis followed well definable and preserved steps in the expression of pre-and postsynaptic proteins, followed by a collective synaptic localization. In line with these findings, mRNA expression patterns were expressed in comparable time frames and their levels were regulated in a concerted manner. On ultrastructural level we found a clear maturation pattern of synaptic contacts over time. Finally, coming along with the combined expression and localization of pivotal pre-and postsynaptic proteins, a functional capacity was observed. This was confirmed on protein level, ultrastructure and modulation of muscular contraction upon neuronal stimuli. In this respect, a third step was the experimental setup of cocultures combining hiPSC derived motoneurons with murine primary myotubes. These cells formed functional NMjs harboring all crucial features of functional connections. This is of great importance as a fully functional and thoroughly investigated in vivo mimicking in vitro culture is the prerequisite for developmental and pathogenetic studies. A highly relevant point that we found during our studies is the fact that full maturity of iPS derived human motoneurons was not reached during several weeks of in vitro cultivation. Even after 12-14 weeks in vitro, cultivated motoneurons were obviously still ongoing in development. This marks a crucial point in experimental setups. Future studies should now focus on the long term culture and survival of iPS derived neuronal cultures in respect of pathogenetic studies of neurological disorders.
Conclusion
We provide here a study combining thorough analyzes of crucial steps in human neurogenesis and synaptogenesis, which might be helpful in the future to characterize motoneuron development and the assessment of pathogenic motoneuron behavior in vitro.
